Water oxidation catalysts are essential components of light-driven water splitting systems, which could convert water to H 2 driven by solar radiation (H 2 O þ hν → 1∕2O 2 þ H 2 ). The oxidation of water (H 2 O → 1∕2O 2 þ 2H þ þ 2e − ) provides protons and electrons for the production of dihydrogen (2H þ þ 2e − → H 2 ), a clean-burning and high-capacity energy carrier. One of the obstacles now is the lack of effective and robust water oxidation catalysts. Aiming at developing robust molecular Ru-bda (H 2 bda ¼ 2,2 0 -bipyridine-6,6′-dicarboxylic acid) water oxidation catalysts, we carried out density functional theory studies, correlated the robustness of catalysts against hydration with the highest occupied molecular orbital levels of a set of ligands, and successfully directed the synthesis of robust Ru-bda water oxidation catalysts. A series of mononuclear ruthenium complexes ½RuðbdaÞL 2 (L ¼ pyridazine, pyrimidine, and phthalazine) were subsequently synthesized and shown to effectively catalyze Ce IV -driven ½Ce IV ¼ CeðNH 4 Þ 2 ðNO 3 Þ 6 water oxidation with high oxygen production rates up to 286 s −1 and high turnover numbers up to 55,400.
catalysis | density function theory | seven coordination | photosystem II | solar fuels I n pursuit of sustainable energy systems such as solar fuels, much effort has been spent on water splitting to hydrogen and oxygen since hydrogen is a potential clean energy carrier and water is an abundant and environmentally benign resource (1) (2) (3) (4) (5) . Water splitting consists of two half reactions: (i) water oxidation {H 2 O → 1∕2O 2 þ 2H þ þ 2e − [E ¼ 1.23-0.059 × pH V vs. normal hydrogen electrode (NHE)]} and (ii) proton reduction [2H þ þ 2e − → H 2 (E ¼ −0.059 × pH V vs. NHE)]. In practice, an overpotential is always present, leading to an even higher applied potential. The former half reaction requires strongly oxidizing conditions and is generally considered as the bottleneck of the whole water-splitting process due to the multiple protonelectron transfers and the formation of the O─O bond. Over the last few years, there has been an increasing development of water oxidation catalysts (WOCs) and many transition metal-based catalysts, including Ru (4, 5), Ir (6) (7) (8) , Co (9-13), Fe (14, 15) , and Mn (16) (17) (18) , have been reported with oxygen production rates (OPRs: mole oxygen produced per mole catalyst per second) ≤5 s −1 . Very recently, we reported a family of highly active Ru-based WOCs ½RuðbdaÞL 2 (H 2 L ¼ 2;2 -bipyridine-6,6′-dicarboxylic acid; L ¼ 4-picoline, A; L ¼ isoquinoline, B) ( Fig. 1) with OPRs up to 300 s −1 (19, 20) ; a seven-coordinate dimeric Ru IV intermediate (D7Ru IV ) ( Fig. 1) is involved in the O─O bond formation step (20, 21) .
A general problem encountered in molecular WOCs is the decomposition of catalysts. Ligand dissociation and oxidative decomposition have been considered as the major deactivation pathways. The groups of Llobet, Meyer, and Sun have demonstrated an improved durability of their catalysts by immobilizing catalysts on the electrode/material surface and thereby dramatically suppressing the intermolecular oxidative decomposition pathway (22-25).
For our Ru-bda catalysts, the main deactivation pathway has been found to be the axial ligand dissociation (19) . We believe our Ru-bda catalysts could be more robust if the binding affinity of the axial ligands could be increased. Therefore we carried out density function theory (DFT) calculations to predict which type of pyridyl ligands are more stable against ligand dissociation and thus to instruct us to design more rugged WOCs. Herein, we demonstrate the DFT-directed development of robust Ru-bda catalysts for water oxidation and report three Ru-bda WOCs (Fig. 1) . The best case, complex 3, exhibits an impressively high catalytic activity toward water oxidation using CeðNH 4 Þ 2 ðNO 3 Þ 6 (Ce IV ) as oxidant, with a OPR of 286 s −1 and a high turnover number (TON) of more than 55,400 (In this work, we reported the OPR and TON values as average of three runs with STDEV <10%).
Results and Discussion Theoretical Calculations. As mentioned above, the main deactivation pathway of the Ru-bda catalysts is the axial ligand dissociation. For the water oxidation reaction catalyzed by the Ru-bda catalysts, the rate limiting step is the coupling step of 2Ru V ═O → Ru IV ─O─O─Ru IV , and thus Ru V is the dominant species at the catalytic steady state (19, 20) . We thereby identified the ligand-exchange reaction at the Ru V state, in which one of the ligands (L) is replaced by OH 2 (Scheme 1). In addition, this reaction was found to be more favored at the Ru V state compared to the Ru IV and Ru III states, likely due to the higher hardness of the metal center at the high oxidation state. It is not clear why this hampers reactivity, but one hypothetical path of deactivation is that once another water molecule ligates, the complex is susceptible to further oxidation leading to inactive complexes. Another possibility is that hydrophilic ligands, in the current case an aqua ligand, can decrease the rate of the bimolecular O─O coupling. It was recently shown that large lipophilic groups like isoquinoline enhance the reaction rate (19) . Our hypothesis is thus that increased stability and lifetime can be achieved by changing the ligand to one that is more difficult to replace with water.
One question arises now. What would be the underlying driving force for achieving more robust catalysts? To address this question, we have carried out calculations of the Gibbs free energy of the ligand exchange reactions (hydroxylation) for a number of ligands, including 4-picoline, isoquinoline, pyrimidine, This article is a PNAS Direct Submission. 1 Present address: Department of Chemistry, Yale University, New Haven, CT 06520. 2 To whom correspondence may be addressed. E-mail: lichengs@kth.se or mahlquist@theochem.kth.se.
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After inspecting the electronic structure, structural properties, and pK a of the different systems, we have identified a correlation between the energy of the HOMO of the ligand in the gas phase and the stability of the corresponding Ru-bda complex. Fig. 2 Lower shows the plot of the Gibbs free energy of the reaction in pH 0 aqueous solution (Scheme 1) as a function of the HOMO energy of the dissociating ligand. To get better understanding of the relationship between these two variables we have run ordinary least square (OLS) estimation on the model presented in Eq. 1. It was found that β 1 ¼ 285.99 and β 0 ¼ 77.96 where both coefficients show statistical significance at 0.1% level and R 2 is of 84.79%, indicating a monotonically increasing linear relationship between ΔG 0 and HOMO. The estimated curve is shown as the red line in Fig. 2 Lower.
Very useful information obtained from Fig. 2 is that Ru-bda complexes with axial pyridazine, cinnoline, 4,5-dimethoxypyridazine, and phthalazine are significantly more stable against aquation compared to the complexes with axial 4-picoline, pyrimidine, and pyrazine. We expect that complex ½RuðbdaÞðptzÞ 2 would be a very robust WOC, which could be synthesized from readily available starting materials.
Synthesis and Characterization of Complexes 1-3. We then selectively synthesized complexes ½RuðbdaÞðpdzÞ 2 (1), ½RuðbdaÞðpmdÞ 2 (2), and ½RuðbdaÞðptzÞ 2 (3) and evaluated their catalytic activities toward Ce IV -driven water oxidation. Reaction of H 2 bda and ½RuðdmsoÞ 4 Cl 2 (dmso ¼ dimethyl sulfoxide) in the presence of triethylamine, followed by addition of access axial ligands, gave the corresponding mononuclear Ru II complexes 1-3 in moderate yields. All complexes were characterized by 1 H NMR, mass spectrometry, elemental analysis, and cyclic voltammetry.
Cyclic voltammograms of complexes 1-3 recorded in the mixed CF 3 CH 2 OH/pH 1.0 aqueous solutions are shown in Fig. 3 (the oxidation potential of the solvent CF 3 CH 2 OH is approximately (Fig. S1 ), while this process was hardly seen for complexes 1 and 3.
V vs. NHE
At E > 1.2 V, catalytic currents for all three complexes were observed, which were caused by the electrochemical oxidation of water (Fig. 3) . Meanwhile, there was a reduction peak at ca. −0.40 V at the reverse scan of each complex, corresponding to the reduction of molecular O 2 electrochemically generated at E > 1.2 V (Fig. 3) . Accordingly, all three complexes are electrochemically active for water oxidation and can be potentially used for the modification of water oxidation electrodes.
Ce IV -Driven Water Oxidation. Longevity. A first confirmation of our DFT prediction came from the comparison between 4-picolineand pyridazine-containing complexes. The free energy for the ligand exchange reaction is clearly less favorable for the pyridazine complex 1 compared to the 4-picoline complex A, ΔG ¼ 4.61 kcal∕mol and −2.38 kcal∕mol, respectively. This indicates that complex 1 has better resistance against the ligand exchange reaction than complex A. In other words, 1 could remain active for longer time. This is consistent with the experimental observations. Water oxidation by complexes 1-3 was evaluated using Ce IV as oxidant in acidic aqueous solutions. The oxygen formation vs. time (Figs. 4 and 5 ) was recorded with a pressure transducer plus a data acquisition module, and the final amount of oxygen generated was calibrated by GC. Under the given catalytic conditions in Fig. 4 , complex A deactivated in about 0.30 h while complex 1 lasted for more than 1.3 h; the corresponding TONs for complexes 1 and A were calculated to be 4;563 AE 172 and 935 AE 61, respectively. When complex 2 was evaluated under the same conditions, it deactivated even faster than A and resulted in a TON of 401 AE 30, probably due to the protonation/ hydrogen bonding of the uncoordinated N atoms of the pyrimidine ligand of 2 under acidic aqueous conditions, which accelerates the ligand dissociation. When 2 was increased to 2.99 × 10 −5 M, a TON of 1;702 AE 107 was obtained.
As we expected, complex 3 with phthalazine as axial ligands is the most robust one. Under the same conditions as used for other three complexes, Ce IV was totally consumed in 150 seconds while the catalyst was still active. We thereby decreased the amount of 3 to 5 nmol. This time, the catalytic system lasted for more than three hours and a very large turnover number of 55; 419 AE 959 (average of three runs) was achieved (Fig. 5) . This large TON number is about 100 times higher than ½RuðterpyÞðbpyÞðOH 2 Þ 2þ (terpy ¼ 2; 2 0 ∶6 0 ; 2 00 -terpyridine; bpy ¼ 2; 2 0 -bipyridine) type complexes (26) (27) (28) , the Ru-Hbpp [Hbpp ¼ 2; 6-bis(pyridyl)pyrazole] WOC (29), and our Ru-pdc (pdc ¼ 2; 6-pyridinedicarboxylate) complexes (30) , and five times higher than the robust Ir-Cp* (Cp Ã ¼ C 5 Me 5 ) WOCs (8) and our dinuclear Ru complex (31) . The specific lifetime of selected Ru-bda complexes under the given conditions as well as the free energy values of the ligand exchange reaction are collected in Table 1 and plotted in Fig. S2 . Higher delta G values correlate longer lifetime, with the exception of complex A.
Reactivity. Since the rate of water oxidation by our Ru-bda complexes displays a second-order kinetic dependence in catalyst concentration (see below), a higher concentration of catalyst gives much higher reaction rates. We therefore investigated the catalytic activities of our catalysts at a relatively high concentration, ½cat: ¼ 2.222 × 10 −4 M. In Fig. 6 are the plots of oxygen evolution versus time for complexes 1-3 after mixing them with excess Ce IV aqueous solutions. The data were recorded with a frequency of 9 Hz with a pressure transducer. Fast water oxidation was observed with 1-3 at varying rates. Complexes 1 and 2 gave OPRs of 31 AE 3 s −1 and 70 AE 12 s −1 , respectively. Complex 3 with phthalazine exhibited a high OPR of 286 AE 21 s −1 . These values, including those of complexes A and B (19), are significantly higher than those of other type WOCs known to date. Notably, complex 3 is far more active than complexes 1 and 2. An increased reactivity of complex B, similar to 3, was studied in ref. 19 . There, the pi-pi stacking was concluded to contribute to the increased reactivity. In general, any effect that favors the radical coupling step (2Ru V ═O → Ru IV ─O─O─Ru IV ) would enhance the catalytic activity according to the second order reaction nature. Now we are systematically carrying out experiments to investigate the factors (electronic effects, noncovalent (Fig. S3 ). These observations imply that the rate-determining step is associated with the dimerization of two Ru species. Based on our previous study, we propose that the dimerization step involves the coupling of two seven-coordinate Ru V ═O units, which is the O─O bond formation step, forming a dimeric Ru peroxide Ru IV ─O─O─Ru IV . Once this peroxide complex is formed, it is rapidly oxidized to a superoxyl complex Ru IV ─O _ −O─Ru IV , which then releases dioxygen via a reductive elimination step and goes back to Ru III and Ru IV states. See the proposed catalytic mechanism for complexes 1-3 in Scheme 2.
Conclusions
We herein have demonstrated the structure-longevity relationship of the Ru-bda WOCs. On the basis of DFT prediction, we have synthesized several Ru-bda WOCs (1-3) that exhibit promising catalytic activities toward Ce IV -driven water oxidation. The proposal that an axial ligand with higher HOMO energy could form a Ru-bda complex with higher durability is in good agreement with the experimental observations. Notably, complex 3 with phthalazine axial ligands displayed an extraordinary TON of 55,400 and a very high initial OPR of 286 s −1 . We have here a route to design more robust Ru-bda WOCs just by investigating the electronic structure of ligands in the gas phase, which will facilitate the discovery of more robust Ru-bda WOCs in a more efficient way. This may also have influence on the development of other types of WOCs, especially those based on the first-row transition metals such as Fe, Mn, etc.
Materials and Methods
Complex A was prepared according to the literature methods (20) . Electrochemistry measurements were carried out with Autolab potentiostat, with pyrolytic graphite electrode (basal plane) as working electrode, Pt wire as auxiliary, and Ag∕AgCl as reference electrode. All potentials reported herein are converted to their corresponding values versus NHE using an internal reference of ½RuðbpyÞ 3 2þ [E 1∕2 ðRu 2þ∕3þ Þ ¼ 1.26 V vs. NHE]. The oxygen evolution was recorded with a pressure transducer (Omega PX138-030A5V) driven at 8.00 V using a power supply (TTi-PL601) plus a data acquisition module (Omega OMB-DAQ-2416), and the amount of oxygen was calibrated by GC (GC-2014 Shimadzu; equipped with a thermal conductive detector, a 5 Å Molecular sieve column, and He as carrier gas). The pressure transducer was connected with a two-neck round flask (space ¼ 41 mL). A CF 3 SO 3 H aqueous solution (pH 1.0, 3 mL) was added to the flask containing 0.658 g of CeðNH 4 Þ 2 ðNO 3 Þ 6 (98%) under stirring. Once all Ce IV was dissolved, an acetonitrile/water (1/9) solution of catalyst was immediately injected to the above solution under vigorous stirring. The pressure change was recorded vs. time. After oxygen evolution ceased, the resulting gas phase was analyzed by GC.
All density functional theory calculations were performed using the Jaguar 7.6 program package by Scrödinger LLC. Geometry optimizations, single-point solvation, and frequency calculations were performed with the B3LYP hybrid functional (32) with the 6-31G** basis set for all atoms except for Ru, for which the LACVP** core potential and basis set was used. Singlepoint energy calculations were performed using the M06 functional (33) and LACV3P ÃÃ þ þ basis augmented by two f polarization functions, as suggested by Martin (34) .
The free energy of each species was calculated by the formula G ¼ EðM06∕LACV3P ÃÃ þ þ2fonRuÞ þ Gs olv þ ZPE þ H 298 − TS 298 þ 1.9 [concentration correction to the free energy of solvation from 1 MðgÞ → 1 MðaqÞ to 1 atmðgÞ → 1 MðaqÞ].
Other experimental procedures and details of DFT calculations are given in the SI Text. Calculated solvation energies of the ligands are listed in Table S1 . Scheme 2. Proposed catalytic mechanism for O─O bond formation catalyzed by complexes 1-3. Axial ligands are omitted for clearity.
